Abstract: Nijmegen breakage syndrome (NBS) is a recessive genetic disorder characterized by increased sensitivity to ionizing radiation (IR) and a high frequency of malignancies. NBS1, a product of the mutated gene in NBS, contains several protein interaction domains in the N-terminus and C-terminus. The C-terminus of NBS1 is essential for interactions with MRE11, a homologous recombination repair nuclease, and ATM, a key player in signal transduction after the generation of DNA double-strand breaks (DSBs), which is induced by IR. Moreover, NBS1 regulates chromatin remodeling during DSB repair by histone H2B ubiquitination through binding to RNF20 at the C-terminus. Thus, NBS1 is considered as the first protein to be recruited to DSB sites, wherein it acts as a sensor or mediator of DSB damage responses. In addition to DSB response, we showed that NBS1 initiates PolȘ-dependent translesion DNA synthesis by recruiting RAD18 through its binding at the NBS1 C-terminus after UV exposure, and it also functions after the generation of interstrand crosslink DNA damage. Thus, NBS1 has multifunctional roles in response to DNA damage from a variety of genotoxic agents, including IR.
Introduction
Nijmegen breakage syndrome (NBS) is a recessive genetic disorder characterized by immunodeficiency, microcephaly, growth retardation, and a high frequency of malignancies [1] . Cells derived from patients with NBS exhibit high sensitivity to DNA-damaging agents, including ionizing radiation (IR), chromosome instability, and abnormal cell cycle checkpoints [2] . We had successfully mapped the candidate region of the underlying gene into 8q21-24 [3] , and from this region, we and other researchers identified the NBS1 gene that is comprised of 16 exons spanning a genomic DNA of 50 kb [4] [5] [6] . The 657del5 of NBS1 is found in more than 90% of the patients with NBS that slightly expresses a C-terminal fragment (p70). Although more than 10 mutations have been reported in the patients with NBS, the majority of them expressed either p70 or p50, a truncated protein of the C-terminus, with some residual functions (bi-allelic hypomorphic mutation) [7] . Similarly, viable cells from a NBS1-deficient mouse expressed a truncated protein of the C-terminus, which corresponds to human p70 or p50 [8] .
Double-strand breaks (DSBs) are considered to be among the most lethal forms of DNA damage because one unrepaired DSB is sufficient to elicit permanent growth arrest or cell death [9] . The majority of DSBs are rejoined by either of the following two DSB repair pathways: the non-homologous end-joining (NHEJ) pathway and the homologous recombination (HR) repair pathway [10, 11] . To optimize DSB repair, an appropriate spatiotemporal regulation is provided through the machineries of cell cycle checkpoints [12, 13] and chromatin remodeling which are coordinated by several players of the DSB response, termed as sensor/ mediator, transducer, and effector. Thus, a fine-tuning cascade is initiated by the formation of a large protein complex, the so-called radiation-induced nuclear foci, at DSB sites [14] [15] [16] [17] . NBS1, as a complex with MRE11 and RAD50 (MRN complex), is one of the first proteins to form radiation-induced nuclear foci. NBS1 acts on this foci as a damage sensor/mediator that recruits the key transducer ATM kinase to DSB sites, although an initial activation of ATM possibly occurs outside DSB sites [18] . The large complex formation of repair factors, such as the mediator of DNA damage checkpoint 1 (MDC1), TopBP1, WRN, and phosphorylated histone H2AX (ȖH2AX), leads to further activation of ATM kinase in a positive feedback loop so that DSB signals are amplified and transduced to numerous downstream effectors, including p53 for cell cycle checkpoints, CHD3.1 for chromatin remodeling, and Rad51 for DSB repair machinery [12] .
NBS1 is implicated in the maintenance of genome integrity after many insults to prevent malignancy, particularly lymphoma, because endogenous DSB is generated during V(D)J recombination in lymphoblastoid cells. However, it has been reported that heterozygous carriers with an NBS1 mutation develop other types of malignancies such as melanoma. In the first report on patients, NBS was characterized as a syndrome with high sensitivity to sunlight. Similarly, another patient with NBS was misdiagnosed as having Fanconi anemia (FA) because the cells from this patient were sensitive to DNA interstrand crosslink (ICL) agents such as mitomycin-C; this feature is a hallmark of FA. This evidence suggests that NBS1 has multifunctional roles in response to DNA damage from a variety of genotoxic agents. Here, we summarize the functional roles of NBS1 in response to ultraviolet (UV) and ICLs in addition to IR.
Functional Domains of NBS1
NBS1 represents several functional domains in the N-terminus and C-terminus (Figure 1 ), some of which were discovered to have a weak homology to the Xrs2 protein, a budding yeast homolog of NBS1. A fork head-associated (FHA) domain (20-108 residues) and two BRCA1 C-terminus (BRCT) domains (BRCT1, 111-197 residues; BRCT2, 219-327 residues) are located at the N-terminus of NBS1, although Xrs2 lacks the BRCT2 domain. NBS1 binds to CtIP (yeast Sae2 or Ctp1) through the FHA domain for subsequent DNA end resection during HR repair when CtIP is phosphorylated on threonine. Similarly, both FHA and BRCT1/2 domains interact with several phosphoserines in the tandem Ser-Asp-Thr (SDT) motifs of MDC1 for the formation of radiation-induced nuclear foci at DSB sites [16] . This structural mechanism of the manner in which the N-terminus in NBS1 binds to both CtIP and MDC1 through shared phosphopeptide motifs is clearly shown using high-resolution X-ray crystallography analysis [19] . Interestingly, malignances observed in patients with NBS can be attributed to the lack of FHA and BRCT1/2 domains. Indeed, patients with a hypomorphic mutation lacking FHA and BRCT1/2 domains (p70) develop malignances at a median age of 9.5 years, whereas patients expressing p80, which contains FHA and BRCT1/2 domains, never develop any malignancy [20] .
NBS1 binds to MRE11 at the C-terminus, thereby forming the MRE11/RAD50/NBS1 (MRN) complex, which plays a role in HR repair [21, 22] . This is comparable to the scMre11/scRAD50/Xrs2 (MRX) complex in yeast, which has critical roles in DSB repair and meiotic recombination [23] [24] [25] . Although sequence homology with yeast Xrs2 was not found, several regions of protein interaction were identified at the NBS1 C-terminus. Falck et al. reported an ATM-binding domain at the extreme C-terminus of NBS1, in which NBS1 directly interacts with ATM to recruit it to DSB sites [26] . Our yeast two-hybrid assay identified another interaction region (704-708 residues) adjacent to the MRE11-binding domain, wherein NBS1 binds to E3 ubiquitin ligase RNF20 (yeast homolog of Bre1) for histone H2B ubiquitination and regulates chromatin remodeling [27, 28] (see Section 5) . In addition to these domains, we also found a novel binding domain at the C-terminus of NBS1 (650-665 residues), wherein NBS1 interacts with the E3 ubiquitin ligase RAD18 to initiate translesion DNA synthesis (TLS) by proliferating cell nuclear antigen (PCNA) ubiquitination after UV exposure [8] (see Section 6). Thus, interaction domains at the C-terminus are well conserved among vertebrates, but they, with the exception of the MRE11-binding domain, are not conserved in yeast. The absence of the C-terminus causes cell death, whereas p70 containing the C-terminus with some residual function ensures survival [29] . 
A Role of NBS1 in HR Repair
It has been well established that the yeast MRX complex plays a role in DSB repair via both HR and NHEJ [30] . To investigate the roles of NBS1 complex in vertebrate DSB repair, we developed an Nbs1-deficient DT40, a chicken B-cell line, because any of the NBS1-, MRE11-, or RAD50-knockout mice are lethal in the embryonic stages [31, 32] . As expected, the Nbs1-deficient DT40 cells exhibited high sensitivity to IR and a marked reduction of sister chromatid exchanges after treatment with mitomycin-C, suggesting an involvement of NBS1 in HR repair [21] . This defect in HR repair was confirmed by the HR reporter gene assay using SCneo, which showed considerable reduction (approximately 200-fold) in the frequency of HR repair in the Nbs1-deficient DT40 cells as compared with wild-type cells [33] . These findings are consistent with the observations that meiotic recombination and HR repair are defective in h2ax knockout mice, i.e., NBS1 was unable to accumulate at DSB sites [34, 35] . HR repair is initiated with the processing of DNA ends to produce 3' single-stranded tails, followed by strand invasion and pairing with homologous DNA sequences of sister chromatids during the S and G2 phases [36] [37] [38] [39] . The fission yeast spNbs1 promotes DNA end resection by interaction with Mre11 and Ctp1, the yeast homologs of CtIP [19, 40] . Upon measurement of replication protein A (RPA) accumulation, the mutation of human NBS1 at the CDK-mediated phosphorylation site S432 was noted to significantly decrease the generation of radiation-induced single-stranded tails, indicating cell cycle regulation of HR repair by CDK kinase, particularly at the S and G2 phases [41] . Because NHEJ is a dominant pathway in mammalian DSB repair, radiation-sensitive NBS cells could be compromised in NHEJ. Mammalian NHEJ is subdivided into the following two categories: Ku protein-dependent NHEJ (canonical NHEJ) and microhomology-mediated NHEJ (alternative NHEJ). When measured by the end-joining assay using linearized plasmid DNAs, our Nbs1-deficient DT40 cells showed normal Ku-dependent NHEJ, suggesting an impairment of the alternative NHEJ, but not the canonical NHEJ. This is consistent with the observation that NBS1 disruption causes MRE11 dysfunction, which impairs the alternative NHEJ [42] . Thus, the MRE11-binding domain of NBS1 at the C-terminus determines cellular radiation sensitivities via HR repair and NHEJ, particularly the alternative NHEJ.
A Role of NBS1 in Chromatin Remodeling during HR Repair
Chromatin remodeling or the process of decondensing tight chromatin structures is required for many eukaryotic DNA cellular processes such as transcription, replication, and repair. Chromatin remodeling is initiated with several histone modifications, followed by the relocalization of ATP-dependent chromatin remodeling factors, which are classified into the following four families: SWI/SNF, INO80, CHD, and ISWI. Various post-translational histone modifications, such as ubiquitination, acetylation, methylation, and phosphorylation, are known [43] . Among them, a well-characterized modification in DSB repair is the phosphorylation of H2AX, a variant of histone H2A. H2AX is modified by ATM kinase within a few minutes after exposure to IR and is subsequently ubiquitinated by RNF8 and RNF168 so that 53BP1 accumulates at the DSB [35, [44] [45] [46] [47] [48] . Simultaneously, ATM phosphorylates KAP-1 which, together with phosphorylated H2AX and 53BP1, promotes the dispersion of CHD3.2, a chromatin-remodeling factor that belongs to the CHD family, from heterochromatin regions.
Although similar multiple histone modifications are involved in efficient DSB repair in yeast [49] [50] [51] [52] , the experiment using the DSB induction system at the yeast MAT locus revealed an MRX complex-dependent eviction of H2B and H3 from the DSB site [53] . Consistent with this, mammalian NBS1 regulates the release of chromatin-bound H2B from DSB sites when they are generated by the I-PpoI endonuclease [54] , suggesting an involvement of NBS1 and histone H2B in chromatin remodeling as a response to DSBs. In agreement, our two-hybrid screening in yeast identified the ubiquitin E3 ligase RNF20 as a novel NBS1-binding partner [27] . RNF20 ubiquitinates the histone H2B, thereby recruiting SNF2h, a chromatin-remodeling factor of the ISWI family. This process is followed by BRCA1 and RAD51 accumulation at DSB sites after IR exposure. Furthermore, this RNF20-dependent chromatin remodeling requires the interaction of RNF20 with the histone chaperon FACT (facilitates chromatin transcription), a heterodimeric complex consisting of SUPT16H (human orthologous of yeast Spt16) and SSRP1 [55] [56] [57] . Mutation at the interaction of SUPT16H and RNF20 compromised the accumulation of RNF20, SNF2h, BRCA1, and RAD51 at DSB sites. During transcription, FACT is considered to recruit PAF1, a transcription elongation regulator, and RNF20 for the displacement of the H2A-H2B dimer from a nucleosome [55] [56] [57] . However, the depletion of PAF1 did not affect the accumulation of RNF20 in DSB repair. Consequently, RNF20 initiates the SNF2h-dependent chromatin remodeling during DSB repair by a machinery similar to that of transcription, but independent of PAF1 [58, 59] . This model is supported by the observation that when measured by the HR reporter DR-GFP, the frequencies of HR repair were significantly reduced by the depletion of RNF20 or SUPT16H, but not by the depletion of PAF1 [60] . It is noted that the RNF20/SNF2h pathway occurs independently of KAP-1/CHD3.1, which functions along with ȖH2AX and 53BP1 accumulation at DSB sites. Recently, Klement et al. proposed a model in which decondensing heterochromatin at DSB sites required two events; first, CHD3.1 detaches from DSB sites through KAP-1 phosphorylation, and second, SNF2h is replaced with CHD3.1 by RNF20-dependent H2B ubiquitination [61] .
A Role of NBS1 in Initiation of Translesion DNA Synthesis
The first paper that described patients with NBS showed mild photosensitivity [1] . Consistent with this, the cells from NBS patients in Nijmegen showed high sensitivity to UV, although normal UV sensitivity was observed in NBS cells from others [8] . This different sensitivity might be attributed to the different expression level of truncated NBS1 species because the cells showing normal UV sensitivity expressed a high amount of p70 species. Indeed, another paper reported that the depletion of NBS1 by siRNA caused enhanced cellular sensitivity to UV [62] , although the mechanism remained to be elucidated. UV induces cyclobutane pyrimidine dimers (CPDs) in genome DNA, causing the collapse or stalling of DNA replication forks during DNA synthesis and eventually leading to cell death [63, 64] . These lesions are usually bypassed by translesion DNA synthesis (TLS) polymerases in normal cells, which insert specific nucleotides into a strand that is opposite to the damaged DNA [65] . To date, several TLS polymerases are known in eukaryotes, and these were reported to bypass a variety of lesions with preferences for each inserted nucleotide [66, 67] . One of them is PolȘ TLS polymerase, which is recruited to CPD sites by a polymerase switch with the replication polymerase į/İ, and it inserts two adenines to the strand opposite the CPD-containing strand [68] [69] [70] . The polymerase switch is triggered with PCNA mono-ubiquitination by ubiquitin ligase complex RAD6/RAD18 [71] [72] [73] . We found that UV-induced PCNA mono-ubiquitination is compromised in NBS1-deficient cells so that polymerase switches with PolȘ, and the resulting TLS were impaired in UV-exposed cells [8] . This was because of the failure of RAD18 recruitment to lesion sites. Indeed, our experiment using NBS1 deletion mutants showed that NBS1 binds to RAD18 at the C-terminus for recruitment to lesion sites. Sequence analysis of amino acids at the C-terminus of NBS1 (650-665 residues) revealed that this RAD18-binding region was well conserved among vertebrates. Moreover, it has several similarities with the RAD18-binding region of the RAD6 protein, suggesting that RAD18 is able to interact with both NBS1 and RAD6 on the same surface. An in vitro experiment using recombinant protein confirmed that interaction between NBS1 and RAD18 was remarkably attenuated by the addition of peptides with the same sequence as the RAD18-binding region of RAD6. However, this made us wonder how RAD18 can be recruited by NBS1 and function with RAD6, if binding to NBS1 and RAD6 was mutually exclusive. Interestingly, our co-expression experiments using Myc-and Flag-tagged RAD18 demonstrated the formation of RAD18 homodimers in cells. These homodimers were simultaneously associated with NBS1 and RAD6 during accumulation at lesion sites and function in PCNA ubiquitination. Two correct adenines are preferentially inserted into a strand opposite to the cyclobutane pyrimidine dimers in the PolȘ-dependent TLS pathway, while PolȘ belongs to Y-family polymerases with low fidelity. It is known that when PolȘ is removed, highly frequent mutations are induced after UV exposure and treatment with N-ethyl-N-nitrosourea [74] . Similarly, NBS1-deficient cells showed a high frequency of UV-induced mutations [75] ; moreover, this mutation spectrum, including transition and transversion, is similar to that of PolȘ-knockout cells, indicating that they function in the same pathway. Thus, NBS1 recruits a RAD18/RAD6 complex to lesion sites by direct binding and initiates the PolȘ-dependent TLS pathway by PCNA mono-ubiquitination.
A Role of NBS1 in ICL Repair
Although the cells from patients with NBS have been characterized with high sensitivity to IR and defects in HR repair, some of the patients exhibit high sensitivities to a variety of DNA-damaging agents, including mitomycin-C and cisplatin as well as UV, as described above. Mitomycin-C and cisplatin cause a covalent bond formation between two strands, the so-called ICL DNA damage, which inhibits gene transcription and DNA replication, eventually leading to cell death. This type of lesion is removed by ICL repair machinery, which includes the following: (1) detection of ICL lesions; (2) production of a single-stranded DNA by nicking the DNA downstream and upstream of ICL, resulting in DSB; (3) synthesis of a single-strand DNA opposite the remaining ICLs by TLS; (4) removal of ICL adducts; and (5) rejoining of DSB by HR repair. The genetic disorder of defective ICL repair is known as FA, which is characterized by high sensitivity to ICL agents, such as mitomycin-C, and by predisposition to cancer [76] . FA is divided into at least 17 complement groups from FA-A to FA-T, and all mutated products have been identified, which include HR repair proteins such as BRCA2 (FA-D1), RAD51C (FA-O), and BRCA1 (FA-S). Some patients with NBS display clinical manifestations similar to FA such as aplastic anemia and skeletal anomalies. Both diseases sometimes manifest with microcephaly and increased sensitivity to mitomycin-C [77] ; hence, one patient with NBS was misdiagnosed as having FA [78] . Because NBS1 is a HR repair protein, it may be involved in the latter step of ICL repair, namely the rejoining of DSB. However, an unexpected role of NBS1 was shown by our ICL removal assay, which measured the amount of ICL with a dot blot of psoralen-polyethylene oxide-biotin (PPB) cross-linked to DNA [79] . Because HR repair proteins function after the removal of ICLs, the kinetics may be same as those for wild-type cells. The removal kinetics of ICLs in NBS cells was similar to those in cells belonging to FA-A and FA-G, but not in wild-type cells or cells from FA-D1 (BRCA2) [80] . Another possible role of NBS1 in ICL repair is the DNA synthesis of the nicked strand by TLS polymerase, in which NBS1 could recruit PolȘ to lesion sites, as described in the role of NBS1 in TLS. This explanation is supported by a recent observation that PolȘ disruption causes high sensitivity to cisplatin because a strand DNA opposite to the remained ICLs is synthesized by PolȘ [81] . NBS1 may play a role in PolȘ recruitment to lesion sites during ICL repair, but this needs further confirmatory studies.
Reactive aldehydes, such as acetaldehyde, are common carcinogens that are generated as by-products of several metabolic processes and as constituents/metabolites of food sources such as alcohol [82] . These endogenous mutagens are capable of inducing ICLs [83] [84] [85] . Langevin et al. showed that abnormal development, hematopoietic failure, and cancer predisposition in patients with FA can be attributed to ICLs generated by acetaldehyde metabolism [86] . NBS1-deficient cells are also sensitive to acetaldehydes (Saito et al., unpublished data [87] ), and some patients with NBS showed clinical phenotypes such as those of FA [88] . Similar to the FA pathway, NBS1 counteracts endogenous toxic DNA damage; therefore, NBS1 deficiency may be associated with the development of a broad range of malignancies, which are observed in heterozygous carriers of the NBS1 mutation and some affected persons with NBS. Figure 2 . NBS1 acts as a coordinator to maintain the genome integrity. NBS1 cooperates with FACT on RNF20 recruitment and the initiation of HRR. For UV-induced damage, NBS1 interacts with RAD18 and promotes PCNA monoubiquitinaiton for TLS activation. NBS1 also participates in inter-crosslink repair and might counteract the endogenous toxic regions. NBS1 acts as a coordinator responsible for a broad range of DNA damage by orchestrating the following repair proteins to maintain the genome integrity.
Conclusions
NBS1 represents a conserved sequence region within 100 amino acids of the C-terminus where it interacts with ATM, MRE11, RNF20, and RAD18 for several damage responses. Analysis of its binding motifs demonstrated novel functions in addition to its well-established cellular responses such as MRE11-mediated HR repair and ATM-dependent checkpoint regulation. NBS1 regulates chromatin remodeling by RNF20-mediated H2B ubiquitination after IR exposure and results in SNF2h accumulation at DSB sites. After UV exposure, NBS1 binds to RAD18 and initiates PolȘ-dependent TLS by PCNA ubiquitination. Similarly, NBS1 is involved in ICL repair, possibly by PolȘ-dependent TLS. Therefore, the depletion of NBS1 causes high sensitivity to IR, sunlight, and endogenous genotoxic agents, including acetaldehyde. Thus, NBS1 seems to coordinate the damage response to protect genome integrity from a vast range of genotoxic agents (Figure 2 ). NBS1 dysfunction leads to the development of diverse malignancies, as observed in the heterozygous carriers of the NBS1 mutation, in addition to damage-specific malignancies, such as lymphoma and melanoma.
